Introduction {#s1}
============

Stem cells have attracted much attention due to their unique biological behaviour and potential clinical usage. Mesenchymal stem cells (MSCs) are able to improve outcomes when there are bone and other tissue defects, including osteogenesis imperfecta \[[@B1]\], infarcted myocardium \[[@B2],[@B3]\], and brain injury \[[@B4]\]. In rats, administration of MSCs 1 day or 7 days after stroke reduces neurological functional deficits \[[@B5]\]. Clinical phase I trials in patients with chronic ischemic stroke \[[@B6]\] or with spinal cord injury \[[@B7]\] have suggested that intravenous autologous MSC transplantation reduces long-term disability in the treated patients and caused no serious adverse events related to MSC transplantation during follow-up. Recent studies have suggested that MSC-based therapy of brain injury enhances not only neurogenesis but also angiogenesis \[[@B8]\].

MSCs can be harvested from many tissues, including bone marrow, cord blood, umbilical cord and adipose tissue \[[@B9]--[@B11]\]. MSCs from Wharton's jelly of the umbilical cord (WJ-MSCs) are multipotent and are able to give rise to various types of cells, including osteocytes, adipocytes and chondrocytes \[[@B12],[@B13]\]. Although the immunophenotypic profiles of MSCs from different tissues are similar \[[@B9],[@B13],[@B14]\], the disparate characteristics, including proteomics, genomics, and functionality, of MSCs from different sources have been described and compared in detail for better applying MSCs clinically \[[@B15]--[@B18]\]. A quantitative proteomic and transcriptomic comparison of human mesenchymal stem cells from bone marrow and umbilical cord vein showed that MSCs from both tissues shared high similarity in metabolic and functional processes relevant to their therapeutic potential, especially in the immune system process, response to stimuli, and processes related to the delivery of the MSCs to a given tissue, such as migration and adhesion. Hence, our results support the idea that the more accessible umbilical cord could be a potentially less invasive source of MSCs \[[@B19]\].

Transplanted MSCs not only directly differentiate into neurons and endothelial cells after injection \[[@B20],[@B21]\], but also secrete a broad repertoire of trophic and immunomodulatory cytokines, generally referred to as the MSC secretome, which has considerable potential for the treatment of various diseases such as cardiovascular disease and brain damage *via* an induction of endogenous neuro-protection, neurogenesis and angiogenesis \[[@B8],[@B22],[@B23]\]. As a result, the MSC secretome has considerable potential for the treatment of central nervous system (CNS) degeneration and ischemic heart diseases \[[@B23],[@B24]\]. However, harnessing this MSC secretome for meaningful therapeutic outcomes is challenging due to the limited knowledge and control of cytokine production following their transplantation. For example, the secretome of bone marrow mesenchymal stem cells-conditioned media varies with time and drives a distinct effect on primary neurons and glial cells \[[@B25]\]. Addressing the compositions and variations in secretome of MSCs from different sources or expanded *ex vivo* under different conditions (e.g., hypoxia \[[@B26]\] or serum deprivation \[[@B27]\]) will eventually benefit the future application of MSCs in regenerative medicine.

Secretomes of stem cells from different anatomic resources also vary: for example, comparative analysis of paracrine factor expression in human MSCs derived from bone marrow, adipose (ASCs), and dermal tissue \[dermal sheath cells (DSCs) and dermal papilla cells (DPCs)\] showed that vascular endothelial growth factor-A (VEGF-A), angiogenin, basic fibroblast growth factor (bFGF/FGF2), and nerve growth factor (NGF) were expressed at comparable levels among the MSC populations examined, while ASCs expressed significantly higher levels of insulin-like growth factor-1, VEGF-D, and interleukin-8. Functional assays examining *in vitro* angiogenic paracrine activity showed that ASCs induced better tubulogenesis compared with DPCs, with VEGF-A and VEGF-D being 2 major factors \[[@B28]\]. The variation in paracrine factors of different MSC populations thus contributes to different levels of repair activity. MSCs from human umbilical cord Wharton jelly or adipose tissue act differently on central nervous system derived cell populations, in which WJ-MSCs have the better impact on the metabolic viability and cell density of primary hippocampal neurons \[[@B29]\]. Nevertheless, factors that promote the stronger effect of the WJ-MSC conditioned media in neuronal survival are still to be identified.

Here, we aim to investigate the secretome patterns, as well as paracrine neuro-protection, neurogenesis and angiogenesis effects, of BM- and WJ-MSCs. Our results provide a better understanding of the characteristics of these two types of MSCs and this will allow a better and more logical application of these MSC types in a clinical situation.

Materials and Methods {#s2}
=====================

Cell culture {#s2.1}
------------

### Human mesenchymal stem cells {#s2.1.1}

MSCs from healthy individuals were isolated from the Wharton's jelly part of the umbilical cord; in all cases the donors provided written informed consent. The current study complies with the Helsinki Declaration. The tissue sample analysis was approved by the Institutional Review Board of Mackay Memorial Hospital, Taiwan. MSCs from Wharton's jelly were collected as published previously \[[@B30]\]. Bone marrow MSCs were purchased from PromoCell (Heidelberg, Germany). All MSCs were cultured for less than eight passages in MesenCult® medium (StemCell Technologies, USA) in the presence of 5% CO~2~.

### Cell lines {#s2.1.2}

Mouse Neuron-2a (N2a) neuroblastoma cells were cultured in DMEM supplemented with 10% FBS. Human HMEC1 microvascular endothelial cells were cultured in endothelial cell growth medium MV (PromoCell, Germany).

Array probe preparation and data analysis {#s2.2}
-----------------------------------------

Total RNA collection, cRNA probe preparation, array hybridization and data analysis were carried out as previously described \[[@B31],[@B32]\]. A heatmap was created by the dChip software program ([[http://biosun1.harvard.edu/complab/dchip/]{.ul}](http://biosun1.harvard.edu/complab/dchip/)). Gene annotation was performed by the ArrayFusion web tool ([[http://microarray.ym.edu.tw/tools/arrayfusion/]{.ul}](http://microarray.ym.edu.tw/tools/arrayfusion/)) \[[@B33]\], and gene enrichment analysis was performed by DAVID Bioinformatics Resources 2012 ([[http://david.abcc.ncifcrf.gov/]{.ul}](http://david.abcc.ncifcrf.gov/)) \[[@B34]\]. All microarray data in this study have been deposited to the NCBI GEO database with an Accession number: GSE48022.

RNA isolation and real-time PCR {#s2.3}
-------------------------------

Total mRNA were extracted by the RNeasy mini kit (Qiagen, Germany), and 100 ng to 1 µg of total RNA were subjected into reverse transcription using a First cDNA Synthesis kit (Fermentas, USA). For quantitative real-time PCR analysis, human pre-messenger RNA sequence was obtained from the NCBI (National Center for Biotechnology Information) AceView program ([[www.ncbi.nlm.nih.gov/AceView/]{.ul}](http://www.ncbi.nlm.nih.gov/aceview/)). All primers were designed to cross introns using the Primer3 website ([[http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi/]{.ul}](http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi/)) or Primer Express software (Applied Biosystems, CA, USA). Thermodynamics and primer specificity analysis were performed by the Vector NTI suite (Invitrogen, CA, USA) and the NCBI reverse e-PCR program ([[http://www.ncbi.nlm.nih.gov/sutils/e-pcr/reverse.cgi/]{.ul}](http://www.ncbi.nlm.nih.gov/sutils/e-pcr/reverse.cgi/)). Real-time PCR reactions were performed using Maxima^TM^ SYBR Green qPCR Master Mix (Fermentas, USA), and the specific products of the PCRs were detected and analyzed using a StepOne^TM^ sequence detector (Applied Biosystems, USA). The expression level of each gene was normalized against the expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All the primer sequences are listed in [Table S1](#pone.0072604.s001){ref-type="supplementary-material"}.

Cell migration assays {#s2.4}
---------------------

All cell migration assays were performed in 24-well Transwell plates (Corning Inc., NY, USA). A total of 3 × 10^4^ MSCs in 600 μl of MesenCult® medium was added to the lower compartment. After 1 day, 7.5 × 10^4^ N2a cells or 5 × 10^4^ HMEC1 in 100 µl of original culture medium were seeded into the upper Transwell inserts. After 6-12 hours, the cells that had migrated across the membrane were stained with Hoechst 33342, and analyzed by fluorescent microscopy.

Preparation of conditioned medium and enzyme-linked immunosorbent assay (ELISA) {#s2.5}
-------------------------------------------------------------------------------

A total of 10^5^ MSCs cultured in MesenCult® medium were plated in 6-well plates. After 1 day, the medium was changed with fresh MesenCult® medium and the MSC conditioned medium was collected 1 day later.

The levels of PGF and CXCL5 in BM and WJ conditioned medium were quantified ELISA (RayBiotech, Norcross, USA) according to the manufacturer's instructions.

N2a differentiation and HMEC1 tube formation {#s2.6}
--------------------------------------------

For N2a differentiation, 4 × 10^4^ N2a cells were plated in 6-well plates. After 1 day, N2a cells were treated with MSC-conditioned medium for 4 days. Differentiated N2a cells were collected for immunoblotting and immunofluorescent analysis. For HMEC1 tubule formation, 50 µl of thawing Matrigel (Cultrex Basement membrane extract, Trevigen Inc, Gaithersburg, MD) was placed in 96-well plate for 1 hour at 37℃. HMEC1 cells were harvested and placed on the Matrigel in 100 µl MSC-conditioned medium for 4 hours. Tubule formation was monitored by inverted light microscopy (100x).

Oxygen-glucose deprivation (OGD) {#s2.7}
--------------------------------

### Primary cortical cultures {#s2.7.1}

All animal procedures were approved by Institutional Animal Care and Use Committee (IACUC) of National Yang-Ming University, Taiwan (NYMU), and animals were kept in accordance with the guidelines of Laboratory Animal Center (LAC) at NYMU. Neuronal-enriched cortical cultures were obtained from fetal Sprague-Dawley rats based using a protocol described previously \[[@B35]\]. The pregnant rats are decapitated after isoflurane (10ml/kg body weight) anesthesia. Cortices were dissected mechanically from embryonic rat brains at E17; these were then triturated, filtered, centrifuged in HBSS, and cultured at 37°C in Neurobasal medium (Invitrogen) supplemented with 10% B27 (Invitrogen), 100 U/ml penicillin and 100 mg/ml streptomycin with 5% CO~2~. For the OGD, the cultures were placed into a hypoxic incubator (Thermo Scientific model 3130) on day 4 at 1% O~2~ with a gas mixture of 95% N2/5% CO~2~, and the medium was replaced with glucose-free DMEM (Gibco 11966-025) for 24 hours. Afterwards, the cultures were returned to a normoxic incubator, and the medium was replaced with Neurobasal medium with B27.

### MSC and cortical cells co-culture {#s2.7.2}

For trans-membrane co-cultures, BM-MSCs or WJ-MSCs were plated on membrane inserts at a density of 5 x 10^4^ cells per 12 mm Millicell Cell Culture insert (Millipore, with 0.4 µm pores) and placed above the cortical cultures after OGD 3 days before fixation (n = 4 per condition in each group).

Cortical cell death and apoptosis was evaluated using Propidium iodide (PI) staining and *in Situ* Cell Death Detection Kit (TUNEL), according to manufacturer's instructions (Roche). For both assays, cells were co-stained with DAPI. The results were expressed as a percentage of the number of PI-positive or TUNEL-positive cells to the total number of cells stained with DAPI (n = 4).

Immunofluorescent and immunoblotting assays {#s2.8}
-------------------------------------------

For N2a immunofluorescence, cells were fixed 20 minutes by fixation solution (4% paraformaldehyde in PBS) at room temperature, and then blocked with blocking solution for 30 min. Blocking solution consisted of 0.05% Triton X-100, 5% bovine serum albumin in PBS. Cells were incubated with primary antibodies for 1 hour at room temperature, and secondary antibodies for another 1 hour. Antibodies used were monoclonal mouse anti-β-tubulin III (1:200, MAB1637; Chemicon, USA) and FITC-conjugated goat anti-mouse IgG. For rat cortex cells immunofluorescence, cells were placed on poly-D-lysine hydrobromide (PDL, P6407, Sigma)-coated coverslips, fixed in 4% paraformaldehyde for 20 min at room temperature, washed, and incubated in a blocking solution containing 0.15% Triton X-100 and 5% bovine serum albumin (BSA) in 0.1 M PBS at room temperature for 1 hour. The samples were then incubated with primary antibodies against MAP2 (1:75, Mab3418, Chemicon, USA) and GFAP (1:500, Z0334, Dako) at 4^°^C overnight, washed and incubated with secondary antibodies conjugated with Alexa 488 and/or Cy3 (Jackson ImmunoResearch, 1:200) at room temperature for 1 hour in the dark. The coverslips were mounted with VECTASHIELD mounting medium containing DAPI (H-1200, Vector Laboratories) and photographed using a confocal laser-scanning microscope (Olympus FV1000 and ZEISS LSM 700). The quantification of the cell counts and the total length of neurite outgrowth were obtained using Image Pro Plus software V 6.3 (Media Cybernetics, Inc., USA). Western blotting was performed as previously published \[[@B36]\] using the following antibodies: mouse anti-β-actin (A5441, Sigma, USA), rabbit anti-NEFL (AB1983, Chemicon, USA), and mouse anti-TUBB3 (MAB1637, Chemicon, USA).

Results {#s3}
=======

Functional group analyses revealed distinct secreted factor patterns between BM-MSCs and WJ-MSCs {#s3.1}
------------------------------------------------------------------------------------------------

To access the functional differences between human MSCs from different anatomical sources, primary BM-MSCs and WJ-MSCs were collected. Both MSCs were positive for CD73, CD90, CD105 and CD44, while lacking of hematopoietic markers CD14 and CD45 ([Figure 1A](#pone-0072604-g001){ref-type="fig"}). Gene expression profiles of both types of MSC were carried out in at least triplicate using whole-genome chips. Genes that were differentially expressed when the two types of cell were compared (the molecular signature) were identified by statistical pipeline \[[@B31],[@B32]\]. A total of 762 probe sets were abundantly over-expressed in WJ-MSCs compared to BM-MSCs, while another 334 probe sets were abundantly over-expressed in BM-MSCs compared with WJ-MSCs (with a positive false discovery rate (pFDR) threshold *q*\<0.001). The filtered gene lists are presented in [Table S2](#pone.0072604.s002){ref-type="supplementary-material"}.

![Differential gene expression between WJ-MSCs and BM-MSCs.\
(**A**) Flow cytometry analysis of WJ-MSCs and BM-MSCs. (**B**--**C**) A total of 1096 probe sets (q ≦ 10^-3^) differentiating WJ-MSCs and BM-MSCs were filtered out and 762 WJ-MSC probe sets (B) and 334 BM-MSC probe sets (C) were subjected to DAVID ([[http://david.abcc.ncifcrf.gov/]{.ul}](http://david.abcc.ncifcrf.gov/)) analysis. These categories were selected using the Biological Process organizing principle via the Gene Ontology project ([[http://www.geneontology.org/]{.ul}](http://www.geneontology.org/)). The number of genes, as well as *p* values, for categories that are significantly (*p*\<0.05) over-represented are listed. The terms indicated by arrows are discussed in the text. Genes involved in nervous system development and blood vessel development are listed, and RT-qPCR verified genes are underlined. (**D**) RT-qPCR validation of the relative expression levels of the neurogenic-related and angiogenic-related genes in the two MSC subtypes. Mean expression levels of the target genes were compared to that of the GAPDH control. Each bar represents a different individual. Results were expressed as the mean ± standard deviation (SD). (**E**) A heatmap showing BM-MSC and WJ-MSC-specific secreted factors. (**F**--**G**) Validation of array data by RT-qPCR. *ANGPT1* and *PGF*, which are up-regulated in BM-MSCs (**F**), as well as various WJ-MSC abundant genes (**G**), were examined. (**H**) The secretion levels of CXCL5 and PGF in the conditioned medium of BM-MSC and WJ-MSC were quantified using enzyme-linked immunosorbent assays. Each bar represents the protein concentration of independent donors.](pone.0072604.g001){#pone-0072604-g001}

The gene signatures provided a limited indication of the functional differences associated with these two MSC subtypes. To gain more insight into the functional consequences of these differential gene expression patterns and to provide quantitative evidence, the signature genes were subjected to a Gene Ontology (GO) database search \[[@B37]\] to find statistically over-represented functional groups within gene lists. The DAVID web-based tool was applied for this task \[[@B34]\]. The GO categories of the biological processes that were statistically overrepresented (*p*\<0.05) are shown in [Figure 1B-C](#pone-0072604-g001){ref-type="fig"}. The most predominant of these overrepresented processes in WJ-MSCs include those pertaining to cell proliferation, neurogenesis, nervous system development and blood vessel development ([Figure 1B](#pone-0072604-g001){ref-type="fig"}; indicated by arrows). In contrast, the principal overrepresented processes associated with BM-MSCs include those related to ossification and skeletal system development ([Figure 1C](#pone-0072604-g001){ref-type="fig"}). In WJ-MSCs, neurogenesis transcriptional factors such as *SOX11* \[[@B38]\] and *PITX1* \[[@B39]\], as well as transcriptional factors associated with angiogenesis such as *FOXF1* \[[@B40],[@B41]\], were highly expressed, and these findings were confirmed by RT-qPCR ([Figure 1D](#pone-0072604-g001){ref-type="fig"}). Receptors involved in neurogenesis and angiogenesis, including *CDH2, NRP2* and *FLT1*, were also more abundant in WJ-MSCs ([Figure 1D](#pone-0072604-g001){ref-type="fig"}).

As mentioned in the *Introduction*, the main task of this study is to explore the secretome of different MSCs, as well as to compare the functional differences of conditioned media of MSCs. We therefore focused on the differential expression of secreted factors between BM-MSCs and WJ-MSCs. Each of the two MSCs secretes unique cytokines, chemokines and growth factors: known neurogenic cytokines, such as NTF3, EGF and MDK, were found to be highly expressed in WJ-MSCs, and both MSC types expressed a variety of, but different, angiogenesis-related growth factors ([Figure 1E](#pone-0072604-g001){ref-type="fig"}). Of note, these data only showed the differential expression of these secreted factors between different MSCs. Both MSCs may still express these factors, just at different amounts. RT-qPCR analyses verified the differential expression of the up-regulated BM-MSC genes, namely *PGF* and *ANGPT1* ([Figure 1F](#pone-0072604-g001){ref-type="fig"}), and the WJ-MSC up-regulated genes, namely *HBEGF*, *CXCL5*, *CXCL2*, *EGF, FGF9, MDK* and *NTF3* ([Figure 1G](#pone-0072604-g001){ref-type="fig"}). Levels of secreted proteins were also monitored in culture supernatants (conditioned medium) collected from BM-MSCs and WJ-MSCs using enzyme-linked immunosorbent assay (ELISA). WJ-MSCs produced significantly higher amount of CXCL5 in their conditioned medium (570.3-17622.4 pg/ml) as compared with BM-MSCs, and the secreted level of PGF was higher in BM-MSC conditioned medium (28.6-356.7 pg/ml) ([Figure 1H](#pone-0072604-g001){ref-type="fig"}).

BM-MSCs and WJ-MSCs have different neural induction abilities {#s3.2}
-------------------------------------------------------------

To gain more insights into the biological impact of these differential secretomes, we utilized Ingenuity Pathway Analysis (IPA) software to evaluate growth factor functionality, specifically neurogenesis and angiogenesis. Most of the secreted factors were found to be related to neurogenesis, angiogenesis, and vasculogenesis ([Figure 2A](#pone-0072604-g002){ref-type="fig"}), which suggests that both MSCs possess neural and angiogenic induction abilities.

![Higher neural induction ability of WJ-MSCs.\
(**A**) An interaction network of secreted factors. Factors that pertained to angiogenesis, vasculogenesis, neurite outgrowth, and neuron migration are connected. Genes in red are abundant in WJ-MSCs and genes in green are abundant in BM-MSCs. (**B**) Differential chemotaxis effects of WJ-MSCs and BM-MSCs. MSCs cultured in MesenCult® medium were seeded in the lower part of Tranwell plates, while N2a cells were placed in the upper chambers (illustrated in left panel). Migrated N2a cells to the other side of the membrane were stained with Hoechst 33342 and counted. Data are mean ± SD (right panel; \**p*\<0.05, \*\**p*\<0.01). (**C**--**D**) Induction of N2a neural differentiation by MSCs. N2a cells were cultured with MSC conditioned medium, medium only (negative control) or retinoic acid (RA; positive control) for 4 days before the cellular lysates were subjected to Western blotting analysis (C) or the cells were fixed for immunofluorescence staining (D). Neural markers TUBB3 and NEFL were analyzed. Cell nuclei were stained with DAPI. Scale bars: 50 μm.](pone.0072604.g002){#pone-0072604-g002}

We investigated whether distinct secretomes confer different neural and angiogenic promoting abilities on the two MSCs. First we examined the chemotaxis effects of the two MSCs on neural cells. Mouse Neuro-2a (N2a) cells, which are capable of neuron differentiation and axonal outgrowth \[[@B42]\], were co-cultured with the two types of MSCs individually in Transwell plates for evaluating the chemotaxic effects of the MSCs on neural cells ([Figure 2B](#pone-0072604-g002){ref-type="fig"}, left panel). Both types of MSCs induced N2a migration, but it was clear that N2a cells moved toward the WJ-MSCs more efficiently ([Figure 2B](#pone-0072604-g002){ref-type="fig"}, right panel). Next we examined the ability of these two MSCs to induce N2a cell neuronal differentiation. N2a cells were cultured with the conditioned media from WJ-MSCs and BM-MSCs individually for 4 days before total proteins were collected from the cultured cells. Retinoic acid (RA) was used as a positive control for neural differentiation \[[@B43]\]. WJ-MSC conditioned medium induced better neural differentiation of the N2a cells, as evidenced by higher TUBB3 (β-tubulin III) and NEFL (neurofilament, light polypeptide) marker expression from the WJ-MSC conditioned medium N2a population ([Figure 2C](#pone-0072604-g002){ref-type="fig"}). Further substantiating this finding, immunofluorescence staining showed that there were more neurite-positive, TUBB3-positive cells after culturing N2a cells with WJ-MSC conditioned medium ([Figure 2D](#pone-0072604-g002){ref-type="fig"}) compared to N2a cells cultured with BM-MSC conditioned medium.

Superior neuroprotective effect of WJ-MSC secretome on primary cortical cells injured by oxygen-glucose deprivation (OGD) {#s3.3}
-------------------------------------------------------------------------------------------------------------------------

We next compared the neuroprotective efficacy of secreted factors from the two stem cell types using a similar trans-membranous co-culture system. OGD, a widely used *in vitro* model of ischemia, was used to mimic *in vivo* central nervous system insult ([Figure 3A](#pone-0072604-g003){ref-type="fig"}). The primary cortical cultures isolated from embryonic rats consisted of more than 90% of MAP2-positive neurons and approximately 2% GFAP-positive astrocytes (data not shown). After 24 hours of OGD, primary rat cortical cells were co-cultured with BM-MSCs or WJ-MSCs for 72 hours, and neuroprotection potentials of both MSCs were evaluated by immunofluorescence staining and cell death assays ([Figure 3A-B](#pone-0072604-g003){ref-type="fig"}). Cortical cultures were found to be severely injured after OGD, and cell death and apoptosis were increased with time to more than 70% by measuring PI positive and TUNEL positive cells (OGD alone) ([Figure 3C](#pone-0072604-g003){ref-type="fig"}). After co-culture with WJ-MSCs or BM-MSCs following OGD, both treated cultures showed a significant reduction in cell death and apoptosis compared to the OGD-injured alone group, with WJ-MSC group showed the lowest cell death and apoptosis rate ([Figure 3C](#pone-0072604-g003){ref-type="fig"}). The total neurite length and number of branch points at 72 hours post-OGD was increased significantly by co-culture with both BM-MSCs and WJ-MSCs compared to that of the OGD-injured alone group ([Figure 3D](#pone-0072604-g003){ref-type="fig"}). Moreover, the co-culture with WJ-MSCs produced the most increase in neurite outgrowth ([Figure 3D](#pone-0072604-g003){ref-type="fig"}). Neuronal proliferation was found to be increased in the WJ-MSC group but not in the BM-MSC group ([Figure 3E](#pone-0072604-g003){ref-type="fig"}, left panel). It is known that cerebral ischemia also induces astrocyte reactivation, and the formation of glial scar hampers brain recovery \[[@B44]\]. In our study, astrocytes proliferated to approximately 16% after OGD. The number of astrocytes was only reduced in the WJ-MSC group, but not in the BM-MSC group ([Figure 3E](#pone-0072604-g003){ref-type="fig"}, right panel). These results showed that WJ-MSC secreted factors have better neuroprotective effects than those from BM-MSCs.

![Preferential neuroprotection effects of WJ-MSCs.\
(**A**) Schematic representation of the transmembranous stem cell co-culture system using an oxygen-glucose deprivation (OGD) model. (**B**) Immunofluorescence staining of the rat primary cortical cells subjected to OGD alone (left), to co-culture with BM-MSCs (middle), or to co-culture with WJ-MSCs (right) at 72 hours post-OGD. Neuronal marker MAP2 is shown in red, the astroglial marker GFAP in green, and DAPI nuclear staining in blue. Scale bar: 20 µm. (**C**) Quantification of cell death and apoptosis rate using PI and TUNEL staining, respectively, at 72 hours post-OGD. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001 (**D**) Quantification of total neurite length (left) and neurite branch point numbers (right). (**E**) Percentage of neuron number (left) and astrocyte number (right) after 72 hours co-cultured with BM-MSCs or WJ-MSCs post-OGD.](pone.0072604.g003){#pone-0072604-g003}

WJ-MSC conditioned medium induces better angiogenesis-related abilities in endothelial cells {#s3.4}
--------------------------------------------------------------------------------------------

To determine the angiogenic induction abilities of conditioned media of these two types of MSCs, we performed cell migration and tube formation assays on co-cultured HMEC1 human microvascular endothelial cells. As shown in [Figure 4A-B](#pone-0072604-g004){ref-type="fig"}, more HMEC1 cells moved toward WJ-MSCs than towards the BM-MSCs or medium only using Transwell assays. The ability of HMEC1 cells to form microvasculature *in vitro* were promoted significantly after cultured with MSC conditioned medium ([Figure 4C-D](#pone-0072604-g004){ref-type="fig"}) and, importantly, the total tube length generated by HMEC1 cells was longer when incubated with conditioned medium from WJ-MSCs ([Figure 4C](#pone-0072604-g004){ref-type="fig"}) compared to when incubated with conditioned medium from BM-MSCs.

![Preferential angiogenic induction ability of WJ-MSCs.\
(**A**--**B**) HMEC1 endothelial cells *in vitro* motility. Migrated HMEC1 that were attracted by BM-MSCs and WJ-MSCs were counted. MSC culture medium was used as negative control (medium only). Representative images of migrated HMEC1 cells are shown (B). (**C**--**D**) HMEC1 cells *in vitro* tube formation using Matrigel at 4 hours incubation in conditioned medium from BM-MSCs or conditioned medium from WJ-MSCs. Representative images of the HMEC1 tube formation are shown (D). (\**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001).](pone.0072604.g004){#pone-0072604-g004}

Discussion {#s4}
==========

It is clear that MSCs derived from various tissues exhibit distinct properties, which may influence their potential applications. Genome-wide approaches have unveiled the unique properties of MSCs efficiently \[[@B16],[@B45],[@B46]\]. By systems biology analysis, it was shown that WJ-MSCs and BM-MSCs possess distinct osteogenic and stemness potentials. Specifically, WJ-MSCs express more stemness and growth related genes, whereas BM-MSCs express more genes involved in skeletal development \[[@B36]\]. Translating preclinical testing to human trials is made more complex by various considerations, namely the delivery method, the type of stem cell selected, and the relationship between dose and cell survival. Although much progress has been made in stem cell biology, the clinical application of these cells is stymied by an inadequate or insufficient understanding of the functional integration of their complex interactive genetic processes. Further characterization of stem cells *via* a genomics approach is critical to obtaining a better understanding of the molecular parameters involved in cell-based therapy.

Although MSCs may repair damaged brain tissue or endothelium by direct differentiation, they also have a second function by secreting trophic factors that allow the recruitment of endogenous stem/precursor cells, which helps to facilitate disease recovery. Previous studies have shown that although transplanted BM-MSCs are able to improve cerebral ischemia *in vivo*, only a few of these MSCs differentiated into neurons (\~2%) or astrocytes (\~3%) \[[@B47]\]. Injected MSCs seem also to act *via* a paracrine mechanism and secrete trophic factors; this will inhibit scar formation (mainly caused by astrocytosis) as well as stimulating neural progenitor cells (NPCs) proliferation, migration and differentiation \[[@B48],[@B49]\]. The growth and trophic factors secreted by the injected MSCs are able to enhance angiogenesis, synaptogenesis, and neurogenesis \[[@B50]\]. As to mechanisms, it has been shown that conditioned medium of human bone marrow MSCs (BM-MSCs) can activate the PI3K-Akt pathway in hypoxic endothelial cells resulting in an inhibition of apoptosis, an increased cell survival, and a stimulation of angiogenesis; this is believed to be partly due to these MSCs having a higher content of anti-apoptotic and angiogenic factors, such as IL-6, VEGF, and monocyte chemoattractant protein (MCP)-1 \[[@B51]\]. As yet, in this context, the paracrine factors of WJ-MSCs remain to be elucidated. MSCs from umbilical cord blood are also able to increase the expression levels of local neurotransmitters, such as brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NTF3), which should enhance disease recovery \[[@B52]\]. When human umbilical mesenchymal stem cells were used to cure ischemic stroke in rats, implanted WJ-MSCs were shown to survive in the infarct cortex for at least 36 days and released neuroprotective and growth-associated cytokines including BDNF, platelet-derived growth factor-AA, angiopoietin-2, CXCL-16, and neutrophil-activating protein-2 \[[@B53]\]. It was also suggested that the transplanted neural progenitors derived from human WJ-MSCs was less likely to directly integrate into the neuronal network of the rat host, but rather released the aforementioned nourishing factors to enhance indirectly the endogenous tissue repair as did the undifferentiated WJ-MSCs \[[@B53]\]. A similar scenario also occurs during NPC transplantation: NPCs are able to accelerate CNS regeneration by secreting various neurotrophic cytokines such as BDNF and NTF3, and nerve growth factor (NGF) \[[@B54]\]. These secreted cytokines promote axon growth and increase the neuroplasticity of existing neurons, and therefore may be another therapeutic mechanism associated with NPC engraftment \[[@B54]\].

The neurogenesis and angiogenesis effects of BM-MSC and WJ-MSC secretomes have not been well compared at a side-by-side manner, although a similar vis-à-vis study has been performed on human MSCs derived from bone marrow, adipose (ASCs), and dermal tissue \[[@B28]\]. Here we provided a comprehensive list of the differentially secreted factors produced by the two types of MSCs examined in the present study, as well as the correlation of the factors with the neurogenesis and angiogenesis potentials of two MSC types ([Figure 2A](#pone-0072604-g002){ref-type="fig"}). Differential expression by the two types of MSCs should lead to differences in their ability to induce neurogenesis, neuroprotection, and angiogenesis ([Figures 2-4](#pone-0072604-g002){ref-type="fig"}). Specifically, NTF3, EGF, MDK, HBEGF, CXCL2, CXCL5 and FGF9 are more abundant in WJ-MSCs. Among these factors, NTF3, EGF, HBEGF and MDK are known to be involved in neurogenesis, while NTF3 is a neurotrophic factor that helps neuron survival and differentiation. EGF is able to enhance neuron differentiation and maturation \[[@B55]\], and midkine (MDK) is known to be involved in neuronal precursor cell growth \[[@B56]\]. Finally, HBEGF is induced after hypoxic or ischemic injury and has been shown to stimulate neurogenesis in the adult brain \[[@B57]\]. The abundant expression of trophic factors by WJ-MSCs compared to BM-MSCs is able to partly explained why N2a cells, when co-cultured with MSCs, migration towards WJ-MSCs more rapidly than towards BM-MSCs and why N2a cells differentiate into TUBB3-positive neurons more efficiently in the presence of conditioned medium from WJ-MSCs compared to conditioned medium from BM-MSCs ([Figure 2](#pone-0072604-g002){ref-type="fig"}). It also helps to explain why OGD-injured rat cortical neurons survive better when co-cultured with WJ-MSCs than with BM-MSCs ([Figure 3](#pone-0072604-g003){ref-type="fig"}).

MDK is also an angiogenic factor that enhances endothelial proliferation and increases tumor vascular density \[[@B58]\]. EGF and HBEGF belong to the EGF superfamily. EGF is present in normal human endothelium and is important for blood vessel functionality \[[@B59]\]. In addition, both HBEGF and EGF stimulate human umbilical vein endothelial cells (HUVEC) migration and promote tube formation *via* activation of the PI3K and MAPK signaling pathways \[[@B60]\]. CXCL2 and CXCL5, which are potent promoters of angiogenesis, are members of the CXC chemokine family and have the Glutamic acid--Leucine--Arginine (ELR) motif. Both CXCL2 and CXCL5 regulate angiogenesis *via* binding to and activating CXCR2 present in endothelium \[[@B61]\]. These differentially expressed angiogenic factors may contribute to why WJ-MSCs are able to induce endothelial cells migrate more efficiently than BM-MSCs do and WJ-MSC conditioned medium is also able to promote greater microvasculature formation than BM-MSC conditioned medium. Whether WJ-MSCs are also able to confer better therapeutic effects *in vivo* is currently under investigation.

Our results confirmed that WJ-MSCs secreted highly levels of CXCL5 compared with BM-MSCs. Administration of CXCL5 can enhance HUVEC proliferation, invasion and tube formation abilities \[[@B62]\]. CXCL5 has been reported as an angiogenic factor in non-small cell lung cancer, where the protein level of CXCL5 is positively correlated with tumor vessel density \[[@B63]\]. CXCL5 secreted by rat adipose tissue-derived stem cells also has neurotrophic effects on rat major pelvic ganglia \[[@B64]\]. However, secreted levels of CXCL5 were hard to be detected in human BM-MSC and adipose tissue MSC conditioned medium \[[@B28]\]. The importance of CXCL5 in WJ-MSC conditioned medium related to neuroprotective, neurogenesis and angiogenesis will need further investigation.

An improved understanding of MSCs from different sources will help the clinical application of these cells and allow control of their differentiation *in vivo*. This will help their future potential when applied clinically. Studying the paracrine factors that are differentially produced in various types of MSCs should eventually allow us to design new therapeutic approaches based on different MSCs. Thus, our findings contribute new insights that refine our molecular picture of MSC subtypes and help to provide a better understanding of the two MSC subtypes investigated in the present study.
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